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ABSTRACT: We optimized the performance of quantum-confined Stark effect (QCSE)-based voltage nanosensors. A high-
throughput approach for single-particle QCSE characterization was developed and utilized to screen a library of such
nanosensors. Type-II ZnSe/CdS-seeded nanorods were found to have the best performance among the different nanosensors
evaluated in this work. The degree of correlation between intensity changes and spectral changes of the exciton’s emission under
an applied field was characterized. An upper limit for the temporal response of individual ZnSe/CdS nanorods to voltage
modulation was characterized by high-throughput, high temporal resolution intensity measurements using a novel photon-
counting camera. The measured 3.5 s response time is limited by the voltage modulation electronics and represents ~30 times
higher bandwidth than needed for recording an action potential in a neuron.
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anoparticles (NPs) with extremely bright fluorescence using single particles. In this work, we synthesized,

have found application in many biological and characterized, and optimized QDs and NRs to exhibit
biophysical studies,"”” such as single-particle imaging and enhanced quantum-confined Stark effect (QCSE) using a
t1racking,3’4 single-particle sensors,”” and super-resolution dedicated high-throughput single-particle screening approach.
microscopy.”” In particular, semiconductor quantum dots As neurons transmit signals via electrical impulses generated
(QDs) have been used as biological probes in various by membrane potential modulations, two approaches are
applications, for example as labeling agents for long-term traditionally taken to monitor neural activities: (i) direct
tracking of single molecules® and as intracellular sensors for electrical recording or (ii) utilization of a sensor that
temperature,™® pH,9 etc. Within the past decade, QDs or transduces the electrical observables into other signals, such
nanorods (NRs) were also predicted theoretically and as fluorescence. Electrical monitoring involves the patch clamp
observed experimentally to report cellular membrane potential technique or microelectrode arrays, which are both highly
with exceptionally large sensitivities.'’~'* With the versatile invasive and not suitable for simultaneous recording from the
capabilities already shown and with some advanced engineer-
ing, QDs/NRs have great potential to become next-generation Received: May 9, 2018
voltage nanosensors that enable membrane potential imaging Published: October 15, 2018
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large number of neuronal cells needed in order to study how
neurons communicate within a network. These techniques are
also inadequate to record signals from multiple nanostructures,
such as synapses or dendritic spines, within a neuron due to
space constraints. Many important brain functions such as
transmission of signals, plasticity, learning, and memory">~"*
are facilitated by complex electrical and chemical events in
microscopic structures such as dendritic spines and synapses
that have volumes smaller than 1 femtoliter'” and have
extremely dynamic shapes and sizes.'” ' Studying local
electrical signals from such small volumes requires the
development of bright and noninvasive probes that have
molecular dimensions (nm), thus allowing for high spatial
resolution recording. Optical sensors such as voltage-sensitive
dyes (VSDs)**™*° and genetically encoded voltage indicators
(GEVIs)**~*" are examples of the second approach. VSDs and
GEVIs can report on changes in membrane potential via
changes in their absorption/emission properties.”” Despite the
advances made with VSDs, GEVIs, and their hybrids,” = they
cannot monitor electrical events on the nanoscale with single
molecules due to limited brightness. Additionally, most VSDs
and GEVIs suffer from photobleaching, low voltage sensitivity,
toxicity, and/or slow kinetics, and they can perturb membrane
capacitance at high concentrations.

While organic dyes and fluorescent proteins may be further
improved in the future, nanoparticles (NPs) could offer
alternatives. For example, nitrogen-vacancy centers in nano-
diamonds could report action potentials (APs) in a giant axon
of Myxicola infundibulum (worm) via the optically detected
magnetic resonance (ODMR) technique.34 QDs can oPerate
as voltage sensors™ via photoinduced electron transfer' >
or the QCSE.'”""'* The physical origin of the QCSE lies in
the separation of the confined photoexcited charges in the
semiconductor QD or NR, creating a dipole that opposes the
external electric field. This, in turn, leads to (red or blue)
shifting of the absorption and emission edges that are
accompanied by quantum yield (QY) and fluorescence lifetime
changes, according to the Fermi golden rule. Therefore, QDs
or NRs with sizable QCSE (at room temperature) that are
properly inserted into the cell membrane could report on
changes in membrane potential via a spectral shift, a change in
the emission intensity, and/or a change in the excited state
lifetime. QCSE-based QD/NR voltage sensors could also offer
several advantages over existing voltage sensors based on
organic dyes, fluorescent proteins, or their hybrid: they (1)
have high voltage sensitivity (quantified as percent change in
fluorescence intensity, AF/F), (2) exhibit large spectral shifts
(A7) enabling ratiometric detection, (3) exhibit changes in
excited state lifetime (providing an alternative detection
scheme), (4) have high brightness, affording single-particle
detection and superresolution recording, (S) have a fast
response time (~ns) based on QCSE, (6) have a highly
functionalizable surface, (7) have emission wavelength and QY
that can be engineered, (8) have negligible photobleaching,
and (9) have low cytotoxicity (after surface modification).
With the extremely fast response time, QDs/NRs will be
capable of reporting and resolving the APs, which not only
have fast dynamics (sub-ms) but also present in a wide range
of frequencies and waveforms, especially in mammalian
brains.”*~*

However, there are some challenges to overcome before
QCSE-based QD/NR voltage sensors can achieve single-
particle voltage imaging. First, the larger the QDs or the longer
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the NRs, the larger their polarizability and hence their voltage
sensitivities.'”'> However, for proper membrane potential
reporting, the QDs/NRs need to be functionalized and
inserted into the 4 nm thick cell membrane. Therefore, a
trade-off between magnitude of the QCSE (increasing with NP
size and dependent on materials) and ease of membrane
insertion (decreasing with increasing NP size) is required.
Previous work has shown that small (~3 nm) spherical QDs
can be encapsulated into liposomes™ and short (<10 nm)
NRs, functionalized with transmembrane peptides, can be
inserted into both synthetic and cellular membranes.'* In this
work, we characterize QDs/NRs with different materials, sizes,
and bandgap alignments and assess the possibility of
maximizing the voltage sensitivity of QDs/NRs with material
and bandgap engineering without increasing their sizes.
Second, QDs/NRs obtained by colloidal synthesis are
inevitably polydispersed, especially when multiple materials
or anisotropic growth (for NRs) is involved. The polydispersity
among particles will introduce a large distribution in their
voltage sensitivities, resulting in difficulties in evaluating the
single-particle performance of these nanosensors using
ensemble spectroscopic methods. These challenges need to
be addressed in vitro before attempting to utilize QDs/NRs as
single-particle voltage nanosensors in live neurons.

In this work, we addressed these challenges in several steps.
First, we synthesized type-II ZnSe-seeded CdS NRs (Figure 1)
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Figure 1. ZnSe/CdS NRs synthesized on WANDA. (a) TEM image
of NRs. (b) Schematic of the asymmetric ZnSe/CdS dot-in-rod
structure. (c) Absorption and emission spectra of NR (in toluene).

with enhanced QCSE while maintaining small dimensions. A
type-1I heterostructure increases charge separation by present-
ing spatially separated band energy minima for electrons and
holes across the heterojunction and hence increases voltage
sensitivity by QCSE without increasing the dimensions of NRs
significantly. In addition, the dot-in-rod structure of the NRs,
schematically shown in Figure 1b, is often asymmetric, creating
an asymmetric charge separation and a linear dipole that
screens the external field.” In previous theoretical work, type-
I NRs were predicted to exhibit large voltage sensitivities, '
and NRs < 12 nm were shown to be easily inserted in
membranes after surface functionalization.'* To address the
second challenge, we developed a single-particle high-
throughput screening assay, which enables iterative optimiza-
tion of the synthesis. The screening was based on single-
particle spectral shift (AA) and relative intensity change (AF/
F) observables and allowed for statistical evaluation of the
properties of individual NRs randomly oriented in the electric
field. This approach required (i) the fabrication of thin film
microelectrodes that “sandwiched” NRs or QDs to allow
application of a homogeneous electric field vertically; (ii)
building a spectrally resolved wide-field single-molecule
microscope; and (iii) implementing a code for automated
data analysis. With this high-throughput in vitro screening
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Figure 2. Example of QCSE measurements of a single ZnSe/CdS NR. (a) Intensity trace and (b) spectral peak position trace as a function of
frames. (c) Averaged emission spectrum for V,, (red) and Vg (blue) frames. (d) Histograms of spectral peak positions from individual frames for
Voo (red) and Vg (blue). Fitting the two peak position distributions to Gaussian functions (red and blue lines for V,, and V4 histograms,
respectively) showed that the centers were shifted by 7.5 nm, consistent with the result in (c). (e) Images of the prism-dispersed PSFs from 20
consecutive frames (“zoom-ins”) at three different time periods of the background-subtracted movie. The prism-dispersed PSFs from different
frames are stacked side by side, with the blue and red segments marking the V g and V,, frames, respectively. The peak positions are marked with
red and blue +’s for V, and Vg frames, respectively. The clear “up” and “down” displacements between consecutively dispersed PSFs are strong
evidence for spectral shifts (converted to nm by a calibration procedure detailed in Supporting Information-4). The intensity of each pixel in (e) is
shown in grayscale with the color bar shown on the right. (f) Example of a V,, (red) and a Vg (blue) spectrum from one single frame and the
Gaussian fits of both spectra (blue and red lines). The noisy spectra show that finding peak positions from single frames by fitting is not ideal and,
hence, why, in this work, the peak positions are calculated using eq S3.

approach, we compared the voltage sensitivities and screened
various QDs and NRs of different material compositions
(including doping), sizes, and band alignments and acquired
sufficient single-particle statistics for their assessment. Short
type-II NRs exhibited larger single-particle voltage sensitivity
than longer type-I NRs, validating the concept of QCSE
optimization by proper engineering of the NP’s composition
and bandgap/heterointerface alignment. This single-particle
screen allowed us to systematically and iteratively improve and
optimize the NRs’ synthesis and improve homogeneity,
quantum yield, and voltage sensitivity. The improved NRs
exhibited voltage sensitivity, characterized by an up to 69%
relative intensity change (AF/F) and a ~4.3 nm spectral shift
(A2), fast response time (<3.5 s, an upper bound set by the
RC time constant of the voltage modulation electronics), and
high brightness, affording facile single-particle detection.

B RESULTS

Nanorod Synthesis. Reaction parameters that allow
precise control of anisotropic growth are critical for NRs of
small size (~10 nm) as studied here. Poor control would yield
NRs with low aspect ratio (hence more symmetric and with
reduced QCSE).

Previous work reporting the synthesis of seeded ZnSe/CdS
NRs focused on much longer NRs (40 to 100 nm).**® Simply
quenching the reaction after a short amount of time usually
yielded polydisperse distributions in the length and width of
the NRs. For voltage sensing, shorter NRs are required due to
the difficulty in inserting longer NRs (>12 nm) into the
membrane."* In order to determine the optimal synthesis
parameters to obtain shorter NRs with high aspect ratio, and to
precisely control reaction 4I;arameters, we used a high-
throughput robot (WANDA") to systematically vary nano-

4790

crystal growth parameters and screen for NRs with aspect
ratios greater than 1.5 and lengths less than 12 nm. Our ~12
nm NR synthesis was based on a published procedure™ with
one modification: we used an alkanethiol in place of
trioctylphosphine sulfide (TOPS) as the S precursor to control
the reaction kinetics and to slow down the initial growth rate.
Thiol precursors of different carbon chain length (from
dodecanethiol to octadecanethiol) were tested. The injection
and growth temperatures respectively were optimized in
multiple optimization runs, in order to achieve slower initial
growth rate and hence obtain shorter NRs. The transmission
electron microscopy (TEM) image and absorption and
emission spectra of the batch of ZnSe/CdS NRs with minimal
size distributions and high aspect ratios revealed by TEM are
shown in Figure 1. The synthesis was iteratively optimized
using a series of screening assays including UV—vis, TEM, and
QCSE measurements (details shown below) to yield NRs with
a length of <12 nm and an aspect ratio of >1.5 while
maintaining a large QCSE response. Particle size analysis of the
best batch shown in Figure 1 reports an average of 11.6 +1.7
nm for the long NR’s axis, 6.8 +1.3 nm for the short axis
(diameter) and an average aspect ratio of 1.9 + 0.5 (see Figure
S1).

Setup and Protocol for High-Throughput Single-
Particle QCSE Measurements. To characterize NRs’ QCSE-
induced spectral shift and intensity change upon external field
modulation with sufficient statistical significance, a dedicated
setup, methodology, and analysis had to be developed. To
apply an electric field of magnitude similar to that generated by
the depolarization é)hase of an AP, we followed the approach of
a previous work’ (with a few modifications) to fabricate
microelectrode stacks using thin film depositions. The thin film
electrodes “sandwiched” the NPs of interest and allowed
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Figure 3. Composition, band diagram, and TEM images of NPs investigated in this study.

application of a homogeneous electric field while allowing
imaging with a high numerical aperture (NA) objective. The
stack was composed, from bottom to top, of an indium tin
oxide (ITO)-coated coverslip, SiO, for insulation, NPs of
interest, polyvinylpyrrolidone (PVP), SiO, for insulation, and a
gold electrode (schematically shown in Figure S2). The NPs in
such devices were stable for several weeks and up to 2 months
after fabrication. NPs in older devices, such as lithographically
patterned electrodes, tended to rapidly photobleach, possibly
due to oxidation by exposure to air. Compared to the
horizontally patterned electrodes, the vertical stack device
suffers significantly fewer catastrophic arc discharge or
meltdown events.'" This “sandwich device” can be fabricated
with either a large NP density (for ensemble measurements) or
a smaller density (for single-particle measurements) by
controlling the dilution and spin-coating conditions. We used
low concentration to test and optimize our NRs as single-
particle voltage nanosensors. A dedicated wide-field and
spectrally resolved single-molecule microscope (inspired by
previous work,"® Figure S3) was designed (see Materials and
Methods and Supporting Information for details). It allowed us
to acquire modulated spectra of hundreds of individual single
NPs per measurement while applying voltage alternating from
frame to frame. Briefly, the camera acquisition was
synchronized to a modulated voltage source that was applied
to the test device, creating an electric field alternating from 0
kV/cm (V,g) to 400 kV/cm (V,,) in consecutive frames. The
fluorescence emitted by individual NRs was spectrally
dispersed by an Amici prism inserted in the detection path
and imaged by a camera. Movies of 600 frames (300
modulations periods; frame rate at 16 Hz) were recorded for
all samples.

To analyze the QCSE of single NRs, the spectrally dispersed
point spread functions (PSFs) of individual NRs were selected
from the mean frame of the entire movie using an algorithm for
automatic PSF detection (described in Supporting Informa-
tion-S), and the following analysis was performed only on the
selected NRs. Wavelength calibration for each pixel was
performed according to the protocol described in Supporting
Information-4, allowing the accurate extraction of the
(calibrated) spectrum for each NR, anywhere in the field of
view. Thus, the spectrum, the integrated intensity, and the
peak wavelength for each NR in each frame could be
automatically derived.
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An example of a single ZnSe/CdS NR QCSE analysis is
shown in Figure 2. The intensity time trace and extracted
spectral peak positions of a single NR are shown in Figure 2a
and b, respectively. The red and blue dots in Figure 2b
respectively highlight the spectral peak positions during frames
with (V,,) or without (V) applied voltage. Clear fluctuations
of intensity or peak wavelength from frame to frame due to
voltage modulation can be observed. While some NRs showed
clear “on” and “oft” blinking states that can be discriminated by
an intensity threshold, this NR is an example of the
subpopulation that does not show clear “on” and “oft” blinking
states (the histogram of total counts from individual frames is
shown in Figure SS-2a). Therefore, a “burst analysis” (details
described in Supporting Information-S) instead of applying a
blinking threshold was implemented for further analysis to
avoid the associated bias. For this NR, the averaged emission
spectrum at 400 kV/cm is blue-shifted by 7.9 nm (Figure 2c),
the fwhm of the emission spectrum is narrowed by 6 nm
(Figure S5-2b), and the integrated intensity is increased by 7%
(AF/F) with respect to the spectrum in the absence of applied
field. This blue shift and increased intensity are consistent with
the NR’s predicted type-Il band structure.'”"® To get a
preliminary estimation of the NPs’ voltage sensitivities, we
implemented an automatic algorithm to calculate the averaged
emission intensity change (AF/F) and spectral shifts (AA)
(details described in Supporting Information-S) using the
equations below:

v, v
<Fj °">Pj>th - <Fj °E>Fj>th

(AF/F) =
<F]V0ff>F)>th

(1)

(A1) = u]'v"")F/»h - </1]'V°ff>F,>th (2)
where F is the fluorescence intensity and A is the peak
wavelength. V,, and V4 denote the frames with (V,,) or
without (Vg) applied voltage, respectively, and th notes the
blinking threshold. The histograms of single-particle AF/F and
AJ, calculated using eqs 1 and 2, for all the NPs listed in
Figure 3 are shown in Figure SS-3. In Figure S5-3, we found
that the majority (~80%) of type-Il NRs (sample (v)) have
voltage responses (n = 190), and the magnitudes of these
averaged voltage responses, expressed in AF/F and A4, are
much larger than that of type-I QDs (sample (i)).
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Clear spectral shifts between consecutive frames due to field
modulation can also be seen in this NR. In Figure 2e, the
spectrally dispersed PSFs between consecutive frames show
clear displacements, which are converted to wavelength shifts
as described in SI-S. Clear blinking “off” states are also seen in
the frames missing clear dispersed PSFs (for example frames
260—271 in the second panel). The histograms of spectral
peak positions (Figure 2d) from individual frames, calculated
using eq S3, show a large separation of 7.5 nm between the V,
and Vg frames, which is consistent with the peak shift found in
the averaged spectra. The clear separation between the two
histograms of peak positions from single V., and Vg frames
also shows that the spectral shift can be detected from single
frames without averaging.

As seen in Figure 2, the fluorescence from a single NP
exhibited intermittency (blinking), and in the blinking “on”
states, there is a wide distribution in fluorescence intensity (F)
and wavelength (1) even in the absence of voltage (see Figure
2a and b for examples). The wide distributions are primarily
due to the relatively slow acquisition rate compared to the
blinking rate and possibly due to local charge accumulations,
ionization, and spectral diffusion. As a result, for all NPs, A4
and AF/F are often not constant throughout the acquisition
period but rather appear as “bursts” of large responses
following periods of small or noisy responses. The intermittent
voltage responses, or “bursts”, were shown to coincide with
blinking periods when recorded under a faster frame rate
(Supporting Information-5), which shows that blinking is the
major cause of intermittent voltage responses. While
introducing a blinking threshold could allow extracting the
voltage sensitivities, AA and AF/F, from only the blinking “on”
states, the blinking threshold inevitably creates bias when the
“on” and “oft” states are not clearly separated, as shown in
Figure 2a and Figure S5-2a. Instead, we applied a “burst
analysis” to extract large responses, AF/F or Aj, from time
windows of eight or more consecutive frames without applying
a binary discriminating threshold. Details for the burst search
algorithm are given in Supporting Information-S. Briefly, the
IAF/F* and the IAAP trace (ie., the “score®” trace) were first
calculated between neighboring frames. A “burst” was
identified when eight (time threshold) or more consecutive
frames had an averaged IAF/FP? or 1AM larger than the score
threshold, defined as the 50% percentile of the moving
averaged “score’” trace with a window of eight frames. The
correlation between the A1 and AF/F was small; therefore the
burst search was applied separately to A4 and AF/F traces.
The reasons for small correlations between AA and AF/F are
further studied and discussed below. Example AF/F and AA
traces from the same particle with identified bursts are shown
in Figures S5-6 and S5-7, respectively. After applying the burst
search algorithm to all traces from all NPs, the histograms of
AA and AF/F of individual “bursts” per NP type are plotted in
Figure 4.

Single-Particle QCSE Results. With the setup and
analysis for high-throughput QCSE measurements described
above, we measured QCSE responses of five different types of
NPs and built single-particle histograms to compare the
voltage sensitivities, A4 and AF/F, between NPs with different
shapes, sizes, and band alignments. Figure 3 summarizes the
properties of the NPs measured in this work, including (i) 6
nm type-I CdSe/ZnS QDs; (ii) 12 nm quasi-type-I CdS/
CdSe/CdS QDs;* (iii) 40 nm quasi-type-I Te-doped CdSe/
CdS NRs; (iv) 40 nm quasi-type-I CdSe/CdS NRs; and (v) 12
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Figure 4. Histograms of (a) AA and (b) AF/F extracted from bursts
from five types of NPs described in Figure 3. The number of bursts
(n) and number of NPs (number in parentheses) in each histogram
are shown in the legends. The solid lines are the histogram weighted
by the total intensity counts during each burst, and the shaded areas
with dashed lines are the histogram without any weight. Type-II NRs
exhibit the largest voltage sensitivities, with positive and negative AF/
F and AAZ responses. The gray lines show the fits of the distributions
to a sum of two Gaussians.

nm type-II ZnSe/CdS NRs. Figure 4 shows the histogram of
single-particle voltage sensitivities (AA and AF/F from
individual “bursts”) measured from these samples. Sample (i)
is the typical type-I QDs that are commercially available, in
which both the excited hole and electron reside in the CdSe
core. Sample (ii) is a core—shell—shell spherical QD, in which
the excited hole resides in a shell-shaped quantum well in the
CdSe layer, and the excited electron delocalizes across the
entire QD. This QD was reported to have suppressed blinking
and near-unity QY. Samples (iii) and (iv) are quasi-type-I
NRs with and without Te doping in the CdSe core, which
forms a trap for excited holes.”” The Te-doped 40 nm CdSe/
CdS NRs (sample (iii)) have on average one atom of Te in the
CdSe core.

QCSE responses of type-I and type-Il NPs are clearly
distinct, as shown in Figure 4. Type-I QDs exhibit mostly red
shifts (A4 > 0) under electric field (samples (i)—(iv)), while
47% of bursts from type-II NRs exhibit blue shifts and 53%
exhibit red shifts (samples (v), dashed line in Figure 4a). Type-
I QDs exhibit very small negative AF/F (samples (i) in Figure
4b); that is, they decrease in intensity under an electric field,

DOI: 10.1021/acsphotonics.8b00617
ACS Photonics 2018, 5, 4788—4800


http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.8b00617/suppl_file/ph8b00617_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.8b00617/suppl_file/ph8b00617_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.8b00617/suppl_file/ph8b00617_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.8b00617/suppl_file/ph8b00617_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.8b00617/suppl_file/ph8b00617_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.8b00617/suppl_file/ph8b00617_si_001.pdf
http://dx.doi.org/10.1021/acsphotonics.8b00617

ACS Photonics

: (i) 6nm type-1 (ii) 12nm quasi-type-1 (iii) 40nm quasi-type-|
a H ) m>o0 Cdse/zns QD CdS/CdSe/Cds QD Te-doped CdSe/CdS NR
" 3 M<0 120 100 °
t ©
- 100 80
' @
1 o 8
20 pearsonri=-0.083; p = 4.5e-85 3 AFIF>0 é § © g 0
1 3w 3 3o
i 3 aFF<o 9 S w 8,
» »
20 J »

-10 -05 00 05 10 -10 00 05 -10 -05 00 05 10

Correlation coefficient Correlanon coefficient Correlation coefficient
£ (iv) 40nm quasi-type-I (v) 12nm type-Ii
£ (T Cdse/CdS NR ° Znse/cdS NR
3 s . S
0 shuffied traces
@

Counts
3
Counts
&

EC— 00 05 1o To a5 00 05 10
-2 A 0 1 2 Correlation coefficient Correlation coefficient

Figure S. (a) 2D histogram of AF/F and A4 constructed from individual modulation cycles from 125 type-II ZnSe/CdS NRs (sample (v)) each
contributing ~450 modulation cycles on average, including blinking “off” states. The distributions of AF/F and A4 are shown on the top and right
panel, respectively. We note that this histogram includes all data points including blinking “off” states and therefore is different from the distribution
shown in Figure 4, which shows only data points from “bursts”. Within the top (or the right) panel, the histograms of subpopulations, A4 (or AF/
F) > 0 and A (or AF/F) < 0, are plotted as the blue and green lines, respectively. (b) Histograms of Pearson’s correlation coefficients extracted
from individual NPs for each type of NP (green). The distributions are compared to the distributions of Pearson’s correlation coefficients
calculated between the same AF/F traces and 10 randomly shuffled A4 traces (pink, serving as controls).
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Figure 6. Temporal response of a single type-Il NR (sample (v)). (a) Image of the lithographically patterned microelectrode (with 2 ym gap) used
in this experiment. (b) Accumulated photon counts from one single NR (from an acquisition of 269 s, blue) as a function of photon arrival time
with respect to the voltage trigger. The time bin is 2 s, and the modulation frequency was 1 kHz. The red line is a fit to the photon count trace
with eq 3 to extract time constants. (c) Zoom-in on the rising edge in (b), from which the fit (red line) yields a response time of 3.5 us. (d) Single
type-II NR response recorded using a spectral splitting dual-view setup (details shown in Supporting Information) at 1 kHz frame rate with
alternating applied voltage at 500 Hz. The green trace is the integrated emission intensity from a single NR from the two dual-view channels. The
red and blue dots mark the intensity extracted from the V,, and Vg frames, respectively. The gray line is the sum of the backgrounds extracted
locally from pixels near the NR in the two channels.

while 43% of bursts from type-II NRs exhibit positive AF/F + 32% and —42% =+ 16% for type-II NRs (sample (v)) and
and 57% exhibit negative AF/F (samples (v), dashed line in only one population centered at 0% + 7% for type-I QDs
Figure 4b). We note that in the case of decreased intensity by (sample (i)) (gray lines in Figure 4b).
voltage modulation the intensity counts can only decrease to 0 In summary, the type-Il NRs synthesized in this work,
in theory; that is, AF/F has a lower bound of —1. The bursts compared to type-I QDs or 40 nm quasi-type-I NRs, exhibit
that sho.wed. AE/ F < =1 (4.7% of bursts frorn. type-II NR, both signs (positive and negative) of AF/F and A4 and much
dashed line in Figure 4b) are due to the events with extremely larger absolute AF/F and A2 for both the positive and negative
low counts, resulting in occasional fluctuations below 0 after populations, which are characteristics of the type-Il band
background subtraction. Therefore, to avoid these events from alignment and asymmetrically located ZnSe seeds within the
biasing the distributions of AF/F’s and AA’s, histograms of CdS NRs. The type-Il NRs, with the largest voltage
both AF,/ F'and A4 bursts weighted by .the .total intensity sensitivities among all NPs studied in this work and much
counts within the bursts are also plotted in Figure 4. Bursts . . .
S . . . . . . smaller size compared to the quasi-type-I NRs, are the optimal
with higher intensity counts have higher signal-to-noise ratio voltage sensors amone all NPs studied in this work The
(SNR), and therefore, weighting data points by total intensity 8 ) 8 L
counts puts emphasis on good SNR data points. As expected, average burst width, average burst number per particle, and
the histograms weighted in this manner show almost no fractional b‘urst duration (ximth‘respect to the egtlr? measure-
population with AF/F’s < —1. By fitting the weighted Al ment duration) are shown in Figure S5-8. The distributions of
AF/F and A found by burst search with different time

distributions with a sum of two Gaussians, two populations . G
centered at —4.3 + 2.0 nm (1 sigma from Gaussian fitting) and thresholds were also studied and are shown in Figure S5-9.

3.8 + 2.2 nm were found for type-Il NRs (sample (v)), and The distributions and averages of AF/F and A/ are not
only one major population centered at 1.9 + 1.0 nm was found affected by the time threshold from 8 frames to 16 frames, and
for type-I QDs (sample (i)) (gray lines in Figure 4a). For AF/ the absolute values of AF/F and AJ, for both positive and
F distributions, fitting the weighted AF/F histograms with a negative AF/F and AJ, decrease as the time threshold
sum of two Gaussians yielded two populations centered at 69% increases to 64 frames due to averaging.
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Dependence of NRs’ Voltage Sensitivity on Their
Orientation with Respect to the Electric Field. It is worth
noting that in the “sandwich device” the orientations of NRs
were random with respect to the direction of the applied
electric field, which may broaden the distributions of voltage
sensitivities. Therefore, the correlation between the QCSE
spectral shifts and the orientations of the NRs was studied in a
lower throughput manner using the interdigitated electrodes
(Figure 6a). Randomly oriented type-II NRs (sample (v))
were positioned between the electrodes by drop-casting, and
the orientations of the emission transition dipoles of NRs were
visualized using defocused imaging.SI’52 The orientations of
emission transition dipoles of the NRs were recorded without
applied field, and the emission spectra were measured in the
presence and absence of applied field. The results (Supporting
Information-6) show five NRs that displayed significant
spectral shifts under an applied electric field. Similar results
from single NRs composed of the same materials have also
been shown recently.’> In our experiment, despite the
heterogeneity among the five type-Il NRs (sample (v))
studied, a decreasing trend in the QCSE spectral shift could
be seen as the angle between the transition dipole and the
electric field increased from 0 deg to ~90 deg. With this
experiment, we found that the emission dipoles of the short
type-II NRs are linear and the degree of alignment between the
NR and the applied field significantly affects the QCSE spectral
shift. The voltage sensitivity diminishes when the NR is
orthogonal to the applied field and is maximized when the two
are parallel.

Correlation between AF/F and AA. To assess the
amount of correlation between AF/F and A/ from these type-
II NRs (sample(v)), AF/F and AJ of single modulation cycles
and multiple cycle averages are plotted in a two-dimensional
histogram (Figure Sa) and a scatter plot (Figure SS-5),
respectively. The correlation between AF/F’s and Al’s from
many different particles was very small, as shown by the
Pearson’s correlation coefficient (—0.083 in Figure Sa and
—0.19 in Figure SS-5). However, the correlations between AF/
Fand AJ from single particles are much larger. The AF/F—A/
Pearson’s correlation coefficients were calculated for all types
of NPs studied here, and the results are shown in Figure Sb.
The distributions of the correlation coefficients (Figure Sb,
green) are compared to negative controls (Figure Sb, pink),
calculated as the correlation coefficients between the same AF/
F trace and 10 randomly shuffled AA traces (A4 distributions
before and after shuffling are shown in Figure S$5-10). The
results show that 56% of type-II NRs (111 NRs out of 198
NRs) were negatively correlated, while 20% were positively
correlated with the correlation coeflicients at least one
standard deviation away from the mean of the controls’
correlation coefficients. For type-1 QDs, 43% (117 QDs out of
272 QDs) were negatively correlated, while 40% were
positively correlated. The results show that for the majority
of NPs the AF/F and A/ from the same NPs were correlated
within the acquisition time, meaning that an intensity change is
usually accompanying a wavelength shift with proportional
magnitude as predicted by the theory of QCSE. However, for
some NPs, the correlation coefficients are positive instead of
negative, opposing the prediction by the theory of QCSE.
Meanwhile, the correlation between AF/F and AZ from
different NPs shows that the sign and the magnitude of AF/F
and AA could not be predicted purely by the Stark effect,
possibly due to different rates of charge trapping and
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detrapping in the defect states, different degrees of surface
passivation, and different local environments for different
particles.

Stability of Single Type-ll ZnSe/CdS NRs. As reported
previously, QDs and NRs may experience changes in emission
wavelength and blinking rate or photobleach after a long
period of excitation in ambient air due to photochemical
reactions (oxidation) of the surface of the nanocrystals.”* >’
Therefore, the stability and voltage sensitivity of a single type-
II NR (sample (v)) after a long period of excitation were also
studied. The emission of a single, type-II NR was recorded
using a dual-view spectral splitting setup while the camera
recording was synchronized to the alternating applied electric
field. The experimental detail and the results are shown in
Supporting Information-6. The NR was continuously excited
under ambient air, and the fluorescence was recorded for more
than 8 h. The voltage sensitivities, including both AF/F and
AJ, despite some fluctuations due to blinking, remain nearly
constant in the “blinking on” states for more than 4 h. Over
time, the emission blue-shifted, and the NR entered more dark
states, while the A/ decreased after S h. Although exposed to
ambient air, this single NR exhibited excellent long life (>8 h)
and voltage-sensing stability (~4 h). With improved coatings,
even longer lifetimes are expected in the future.

Temporal Response of Single Type-ll ZnSe/CdS NRs.
To capture an AP, a membrane voltage sensor needs to have a
sub-ms temporal response and a photon emission rate that
allows recording it with sufficient SNR. In principle, the
response time of NRs is on the order of their excited state
lifetime, which is of the order of a few tens of nanoseconds.
Bar-Elli et al. have shown that bright NRs (with a photon
emission rate of ~10° Hz) could report voltage at 1 kHz via
their spectral shifts, AA.>> Here we set up to directly resolve
the fluorescence intensity of individual NRs in response to
voltage modulations with a custom wide-field photon counting
camera (PCC) designed for time-resolved single-molecule
imaging.”"™

For this experiment, we deposited NRs in between
lithographically patterned horizontal microelectrodes'' with a
2 pum gap (Figure 6a) and imaged them with the PCC while
applying a modulated voltage on the electrodes. In contrast to
conventional cameras, which accumulate photoelectrons
generated during a preset integration time, read out the
whole frame at fixed intervals, and suffer from readout noise,
the PCC records each photon’s arrival times with 156 ps
temporal resolution and its location with 50 pm spatial
resolution, allowing to define arbitrary “frame” durations
postacquisition, and is readout-noise-free. The maximum
achievable frame rate is only limited on one hand by the
signal and the desired SNR, but also by detector hardware
constraints. In the device used for these experiments, the local
(single NR) count rate was limited to ~40 kHz, while the
global count rate (over the whole detector) was limited to ~2
MHez. For periodic processes such as those studied here, the
availability of precise photon timing allows for accumulation of
data from “frames” of duration much shorter than the above
limits, the signal being now limited only by the total
acquisition time. This allowed us to define frame rates
comparable to the fastest complementary metal oxide semi-
conductor (CMOS) cameras but with single-photon sensitivity
due to the absence of readout noise.

Type-II NRs in toluene were drop-casted on the micro-
electrodes and covered with PVP by spin-coating after toluene
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evaporation. During the acquisition of photons by the PCC, 1
kHz square voltage modulation (at 50% duty cycle) was
applied to create alternating electric fields alternating between
0 and 400 kV/cm. The triggers for the voltage modulations
were simultaneously recorded by the PCC electronics and time
stamped with an internal 50 MHz clock synchronized with that
used to time-stamp detected photons. A total of 269 904
modulation periods were recorded for the single-particle
intensity time trace shown in Figure 6b (total duration: 269
s). Figure 6a shows the electrodes used for this experiment
imaged under a microscope with white light illumination.
Figure 6b shows the accumulated photon counts after
reassignment to a single modulation period. The results
shown here represent an assessment of the time resolution
when a measurement is not limited by the photon emission
rates, for example, when an ensemble of oriented NRs respond
collectively to the electric field. The AF/F of this specific NR
was 19%.

To extract the temporal response of the NRs, we fitted the
signal with the following model:

F(u, <t <p,) = AF(1 - e H/WY 4 R

F(e> ) = AR /) 4 5y ®
where F is the photon counts, which is a function of time, t. y,
and u, are the fitted start time of the NR’s intensity rise and
decay, respectively. 7,, and 7, are the fitted rise and decay time
constant, respectively. F, represents the total photon counts in
the absence of voltage, and AF is the change in photon counts
under applied voltage with respect to F,. Therefore, AF/F
equals AF/F,. Fitting the accumulated trace to eq 3 yielded
time constants 7, = 3.5 us and 7, = 8.8 us (Figure 6b,c) for the
rising and falling edges, respectively. The time constant of 3.5
us is exactly the rise time of the measuring circuit (including
the voltage amplifier and RC time constant of the micro-
electrodes, Figures S8-1 and S8-2). The measured response
time is therefore an upper bound imposed by the instrument
and is ~30 times faster than what is needed to resolve an AP.
We note that, however, in order to achieve kHz recording for
APs using a single NR, the emission rate of this specific NR
must exceed 30 kHz to overcome the shot noise to allow for
observing a 19% change in intensity measured previously. In
the current setup, the global count rate was limited by the
PCC, and therefore a single NR emission rate of ~4 kHz was
recorded, which was well below the saturation emission rate of
the NRs. To demonstrate that these NRs could indeed report
voltage at a 1 kHz frame rate with sufficient photon emission,
the fluorescence from a single NR was recorded using a dual-
view spectral splitting setup (details described in the
Supporting Information) and an electron-multiplying charged
couple device (EMCCD) with a small field of view (50 X S0
pixels). The results are shown in Figure 6d and Supporting
Information-7. The NR exhibited alternating emission intensity
and emission peak positions, in single 1 ms frames without
averaging, as the applied electric field alternated between 0 and
300 kV/cm from frame to frame (Figure 6d). The result shows
that the QCSE from a single NR could be observed using the
spectral splitting setup at 1 kHz frame rate, which is consistent
with the recently published work.” With proper functionaliza-
tion for membrane insertion, a single NR could therefore be
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potentially used for monitoring neural activities at ca.
millisecond temporal resolution.

B DISCUSSION

The optimal voltage sensors for single-particle electrophysiol-
ogy need to have large voltage sensitivity while maintaining
small sizes for membrane insertion. Using a high-throughput
QCSE screening assay, we successfully demonstrated that the
12 nm long type-Il NRs (sample (v)) exhibit much larger
voltage sensitivities (AF/F and A1) compared to the other
NPs studied in this work, including spherical QDs and 40 nm
long quasi-type-I NRs. Type-II band alignment increases the
separation of excited holes and electrons and hence QCSE, and
therefore, by changing the material compositions of seeded
NRs, the voltage sensitivities (AF/F and A1) can be increased
without increasing the sizes of the NRs. Although the length of
our type-II NR is longer than the thickness of a lipid bilayer
membrane of ~4 nm, a method for functionalizing similar
semiconductor NRs for vertical insertion into cellular
membranes has been demonstrated experimentally.'* The
voltage response of a type-II NR of similar length has also been
calculated by Park et al,'? using self-consistent Schrodinger—
Poisson calculations for NRs inserted vertically across the
membrane. The result showed that a 12 nm long type-II NR
exhibits the largest voltage sensitivity (AF/F > 190%/100 mV)
compared to shorter type-II NRs and type-I NRs with the same
length. The experimental results presented here validate our
previous predictions of the optimal materials and dimensions
for NR voltage sensors.

One of the important characteristics required for membrane
potential sensors is that they can report the physiological
membrane potential, ranging from ~—70 to 40 mV. Hence, a
good membrane potential sensor must have asymmetric
responses around zero field. In type-I spherical QDs, the
excited dipole is small and isotropic due to quantum
confinement in the spherical core (well), while in type-II
NRs, excited carriers separate to different ends of the NRs,
creating a linear dipole that partially screens the external
electric field. While type-I QDs exhibit isotropic responses
regardless of the field direction, the linear dipole in an NR
results in asymmetric (positive and negative) AF/F and Al
responses depending on the direction of the electric field with
respect to that of the dipole, as well as larger absolute values of
AF/F and AAZ under both signs.13 The results by burst search
(Figure 4) and by comparing the A4 distributions with that
from randomized wavelength (4) traces (Figure SS5-10) both
show that type-II NRs exhibit A4 of both signs, while type-I
QDs and quasi-type-I NRs exhibit primarily positive A4’s. The
presence of both blue-shifting and red-shifting NR populations
was consistent with theoretical predictions'® and attests to the
type-II nature of these NRs and their asymmetric structure.
Previous work has shown that seeded NR growth is often
asymmetric and the seed is offset from the center of the NR by
~1/3 length of the NR* (as illustrated in Figure 1b), resulting
in a spatially asymmetric distribution of carrier wave functions.
These NRs, with both positive and negative AF/F and A/ due
to random orientations in the electric field, are capable of
reporting not only the field strength but also the field direction,
as required for electrophysiology applications.

For type-II NRs, despite some heterogeneity and random
orientations in the electric field, the average AF/F is very large
(69% for positive AF/F and —42% for negative AF/F, Figure
4), and the average A4 is +3.8 nm and —4.3 nm for an electric
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field of 400 kV/cm, which is approximately 1.45 times larger
than the electric field swing that will be created during firing of
an AP in a neuron. The AF/F from the type-II NRs, even
when divided by a factor of 1.45, is much larger than most
commercially available VSDs (di-8-ANEPPS: 7.5% per 100
mV;® di-4-ANEPPS: 4.13% at 560 nm and 2.12% at 620 nm
per 150 mV;®* RH237: 2—3%;% JPW-6003: 11.9%°°) or
GEVIs and has much higher signal-to-background ratio at the
single-particle level.

One potential challenge for using these NRs as voltage
sensors is that our QCSE screening results showed broad
distributions of voltage sensitivities (AF/F and AA) for single
type-Il ZnSe/CdS NRs (sample (v)). Some NRs exhibited
large spectral shifts (red shifts or blue shifts), while some
exhibited small or no spectral shifts. Some NRs exhibited large
changes (positive or negative) in emission intensity (AF/F),
while some exhibited small or no changes in AF/F. The main
reason for the wide distributions is the random orientations of
NRs with respect to the electric field direction. The
experimental results showed that the misalignment between
the NRs and the electric field can diminish the voltage
sensitivity and that the random orientations of NRs are
responsible for the distributions of voltage sensitivities shown
in Figure 4. In the “sandwich device”, the surface roughness of
the substrate and the residuals, such as excess ligands, from the
solution could cause the NRs to be not completely orthogonal
to the vertical applied field and hence a distribution of spectral
shifts offset from 0. Other possible causes of the wide
distribution in voltage sensitivities are the heterogeneity (in
sizes, shape, and QYs) among particles. However, with proper
functionalization, we expect better control over the alignment
between the NRs and the electric field in applications in lipid
membranes, overcoming the issue of broad distributions of
voltage sensitivities caused by random orientations of NRs as
shown in this work.

Another consideration before using these NRs as voltage
sensors is that, according to the theoretical studies by Park and
Weiss,'> AF/F is dependent on the QY of the NP as well as on
the excitation power (which in turn affects the QY via
repartitioning between the exciton state and the positive trion
state). For a 12 nm type-II ZnSe/CdS NR with 10% QY and
100% partitioning in the exciton state, AF/F is estimated to be
>60%, while the same NR with 90% QY and 20% partitioning
in the exciton state exhibits a AF/F of only ~5%."> While a
larger excitation power could allow a higher emission rate, it
also decreases AF/F and the partitioning in the exciton state. A
larger QY and less blinking allow the NRs to stay voltage
sensitive for longer periods of time, but it also decreases AF/F.
A careful balancing of the trade-off between AF/F, QY, and
excitation power is therefore needed in order to record APs
based on AF/F readings. As shown in Supporting Information-
S, blinking is the major cause of the burst voltage sensitivities
for these NRs, besides other minor factors such as local
charging, ionization, and spectral diffusion. Increasing the QY
will simultaneously reduce the intermittency in voltage
sensitivities and increase emission rate. Although the existing
NRs are not yet capable of reporting APs, by improving their
QY and reducing their blinking, future generations of NRs
could become membrane potential sensors for AP recordings.

An interesting finding unexpected by Park and Weiss is that
the AF/F responses in the colloidal NRs are more complicated
than the QCSE theory could predict. The AF/F caused by the
intrinsic QCSE effect, without considering defect or charge
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trapping states, is negatively correlated with the A4. However,
all the NPs studied in this work showed a fraction of the
population with positively correlated Al and AF/F. The
reasons for positively correlated A4 and AF/F could be that
AF/F was induced by a combined result of the applied electric
field and local charges at surface and interface defects®” since
local charge states can create a local electric field'’ and be
modulated by the applied electric field.%® Extrinsic charging/
ionization at surface and interface defects®® could further
modulate blinking rates (and hence QY) and contribute to a
positive correlation and/or no correlation. These effects will
require further studies that correlate spectral, intensity, and
lifetime measurements under an applied electric field and at
different excitation powers (currently a topic of a follow-up
project). Such measurements will allow us to decouple these
contributions and further improve type-II NRs as voltage
sensors (for example, by growing an additional layer of a high-
bandgap coat). Indeed, the high-throughput screening method
developed in this work is most suitable for these studies and
will be used to minimize extrinsic effects and optimize the
intrinsic QCSE signal.

Furthermore, the large AA shift from the type-II NRs
(relative to their emission spectral width) is amenable to
ratiometric detection using a dual-channel spectral splitting
setup'">? as shown by the single NR recording results. Al-
based, ratiometric measurements are also immune to the
complications associated with the intensity-based measure-
ments described above. Together with further improvements in
the sensors’ design and performance and in their surface
functionalization for membrane insertion,'* we envision their
utilization for parallel, multisite, super-resolved electrophysio-
logical recordings.

B METHODS

Materials and Chemicals. All chemicals are used as
purchased without further purification. Trioctylphosphine
oxide (TOPO, 99%), octadecylphosphonic acid (ODPA),
and hexylphosphonic acid (HPA) were purchased from PCI
Synthesis. Tri-n-octylphosphine (TOP, 97%) was obtained
from Strem Chemicals. Cadmium oxide (CdO), octadecyl-
amine (ODA), hexadecylamine (HDA), octadecanethiol
(ODT), and a 1.0 M diethylzinc (Zn(Et),) solution in
hexanes were purchased from Sigma-Aldrich. Selenium powder
(99.999%, 200 mesh) was purchased from Alfa Aesar.

Synthesis of ZnSe/CdS NRs. The detailed procedure for
the synthesis of ZnSe QDs is described in Dorfs et al.** Briefly,
a mixture of Se (63 mg), TOP (2 g), and diethyl zinc solution
(0.8 mL, 1 M) was injected into degassed HDA (7 g) at 300
°C in an argon atmosphere. The reaction was kept at 265 °C
until a sharp absorption peak around 360 nm was observed
(~30 min after injection). After the reaction was cooled to
room temperature, ZnSe QDs were purified three times by
butanol/methanol precipitation and redissolved in toluene.
The concentration of ZnSe in toluene was documented by the
optical density (OD) at the absorption peak through a 1 cm
cuvette. To synthesize CdS nanorods on ZnSe seeds using
WANDA, CdO (270 mg), ODPA (1305 mg), HPA (360 mg),
and TOPO (13.5 g) were first degassed at 100 °C under
vacuum for 2 h, and the solution was heated to 230 °C until
the CdO powder was fully dissolved, rendering a colorless
solution. The solution was cooled to room temperature to add
180 mg of ODA, and the solution was degassed under vacuum
at 100 °C for an additional 2 h. To prepare the S precursor
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solution with ZnSe, 1440 mg of ODT was mixed with 36 units
[OD (under 1 cm path length) X mL] of ZnSe solution in
toluene and heated under vacuum to remove the toluene and
moisture. After degassing, both Cd precursor solution and S
precursor with ZnSe were transferred under vacuum into a
glovebox and dispensed gravimetrically into the 40 mL glass
vials used as reaction vessels for the robot. The filled vials were
loaded into the eight-reactor array of WANDA, an automated
nanocrystal synthesis robot at the Molecular Foundry."’
WANDA was used to run up to eight reactions in series
with individually controlled heating/cooling profiles, stirring
rate, injections, and aliquot schedules. Below is the description
of an exemplary run. A 1.133 mL amount of a S/ZnSe solution
(heated to SO °C to prevent solidification) was injected into
15 615 mg of a Cd solution at 330 °C at a dispense rate of 1.5
mL/s. The temperature after injection was set at 320 °C for
CdS NR growth. The heating was stopped 15 min after
injection. To thermally quench the reaction, each reaction was
then rapidly cooled to 50 °C using a stream of nitrogen, after
which S mL of acetone was injected.

Postsynthesis Treatment of ZnSe/CdS NR. The
obtained product was purified three times by methanol
precipitation and toluene wash/centrifugation to remove free
ligands and unreacted precursors, and a half monolayer of Zn
was grown on the NRs’ surface to introduce a metal-rich
surface and coordinating ligands for further functionalization
while maintaining the QY (30—40%) of these NRs during and
after functionalization. Briefly, the purified ZnSe/CdS NRs
were mixed with TOPO, oleic acid, and oleylamine. Following
degassing, the reaction solution was heated to 250—280 °C
under argon, and a TOP solution of zinc acetate or zinc
undecylenate was infused to the reaction flask with a needle
mounted syringe. The reaction was stopped by removing the
heating mantle 20 min later.

Wide-Field Spectrally Resolved Microscopy for QCSE
Measurements. A wide-field microscope based on a Zeiss
Axiovert S100TV, with home-built illumination and detection
optics, was used. A 460 nm laser (Sapphire 460-10, Coherent)
was focused onto the back focal plane of a 100X objective
(Zeiss Plan-Neofluar, NA 1.3, oil immersion) to create wide-
field illumination. The laser power was 0.7 mW before entering
the objective. A 488 nm dichroic mirror (Di03-R488,
Semrock) and a 530 nm long-pass filter (ES30LP, Chroma
Technologies) were used. In the detection path, a removable
Amici prism could be inserted before the EMCCD (Ixon DU-
897, Andor) for spectrally dispersing PSFs. For each QCSE
measurement, a wide-field image without the Amici prism was
first acquired to locate each NP. After inserting the prism, a
movie was acquired while synchronously alternating the
voltage applied to the sandwich device as described below.
Alternating the voltage between 0 (V.4) and ~60 V (V)
(variable depending on the final thickness of SiO,, PVP, and
SiO, layers in each device) was done by a function generator
(FG2A, Beckman Industrial) creating a square wave at 8 Hz
with 50% duty cycle and amplified with an additional offset of
~30 V (variable, to offset the voltage in half-periods to 0 V) by
a high-bandwidth voltage amplifier (STM100, RHK Technol-
ogy). The exact voltage applied for V,, was calculated to
impose an electric field of 400 kV/cm in the PVP layer,
assuming that the two SiO, layers and the one PVP layer were
acting as three capacitors in series with dielectric constants of
3.9 and 2.33 for SiO, and PVP, respectively. Synchronization
of the function generator and the EMCCD camera was
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achieved by a programmable FPGA board (410-087, Digilent
Inc.), which identified downward and upward zero-voltage
crossings from the voltage generator and output TTL triggers
at each crossing. As a result, two frames were recorded for each
modulation period (one frame with voltage on, one frame with
voltage off). Therefore, the resulting exposure time for each
frame was 62.5 ms, and the frame rate was 16 Hz. All movies
consisted of 600 frames. The algorithms for extracting QCSE
parameters from these movies are described briefly below and
in detail in Supporting Information-S.

Wide-Field Photon Counting Microscopy Using a
Photon-Counting Camera. An inverted wide-field micro-
scope based on an Olympus IX71 with home-built excitation
and detection optics was constructed. The excitation source
was a 532 nm continuous wave laser (MGL-III-532-150 mW,
Opto Engine). The laser was reflected by a 488/532 long-pass
dichroic mirror (Omega Optical, transmission spectrum shown
in Supporting Information-9) and focused onto the back focal
plane of a 60X objective with an NA of 1.45 (Plan Apo
TIRFM, Olympus) to create wide-field illumination. The
excitation power was 1.9 mW before entering the objective. A
596/60 band-pass filter (S96DF60, Omega Optical) was used
as the emission filter. Details for the hardware and software for
the PCC are similar to those presented in Colyer et al.”* with
the following differences: the detector comprised a GaAs
photocathode cooled to 12 °C, with a quantum efficiency of
~30% in the detection wavelength range and a cross-strip
anode for position sensing.”” A dilute NR solution in toluene
were drop-casted onto lithographically patterned electrodes,
allowed to dry in air, and covered with a layer of PVP by spin-
coating. After locating NRs in between the electrodes under a
microscope, square wave voltage was applied via the same
hardware used for QCSE measurements, while the emitted
photons from NRs were detected and time-stamped by the
PCC. Since the detector does not accumulate photons into
“frames” but instead collects position and time information for
each photon, synchronization of acquired photons was
performed with the help of TTL triggers emitted by the
voltage function generator, recorded as a separate time-
stamped signal by the PCC electronics. Because of hardware
limitations, only one of every eight trigger signals was
recorded, which provided plenty of information for post-
acquisition synchronization, each time-stamp being recorded
with 20 ns resolution.

Fabrication of Sandwich Devices. An 18 mm X 18 mm
ITO-coated coverslip (#1.5, 30—60 ohms per square resistivity,
SPI Supplies) was used as the starting substrate. A SO0 nm
layer of SiO, was deposited using e-beam evaporation (Mark
40, CHA) at a rate of 1.5 A/s. The resistance of the substrate
after SiO, deposition was tested and confirmed to be infinite
using a multimeter. QDs or NRs in toluene were spin-coated
on top of the SiO, layer, followed by spin-coating of 5% w/w
PVP (40k Sigma-Aldrich) in a 1:1 methanol and H,O solution
to create a layer of PVP of 400—500 nm (measured by a stylus
profilometer, Veeco Dektak 8, Bruker). Next, a second 500 nm
SiO, layer was deposited on top of the PVP layer for
insulation, followed by the second electrode deposition of a 5
nm Cr layer (0.1 A/s) and a 100 nm Au layer (1 A/s) using e-
beam evaporation (Mark 40, CHA). The deposition of the
second electrode was through a shadow mask that created six
electrodes of 3 mm diameter on each coverslip. The
thicknesses of each layer were measured with the stylus
profilometer (Veeco Dektak 8, Bruker) after each deposition or
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spin-coating to assist calculation of the voltage required for
QCSE measurements.
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